Numerous studies have revealed an intriguing diversity in the strategies establishing laterality both 27 within and across phyla, making the identification of a unifying mechanism elusive 14,20,21 . An attractive 28 hypothesis however, is that the chirality of actin filaments may provide a conserved template for 29 organismal LR asymmetry 14,18 . Accordingly, actin-binding proteins govern molecular 22 and cellular 30 chirality 23 and actin-dependent processes regulate invertebrate and vertebrate laterality [12][13][14]17,24 . Studies 31 in Drosophila have identified the actin-based molecular motor protein Myosin1D (Myo1D, a.k.a. 32 Myosin31DF) as an essential determinant of LR asymmetry 12,13,25 . Here, we study the contribution of this 33 conserved factor to vertebrate laterality, by analyzing its function in zebrafish. 34
, to promote the establishment of a functional LRO flow. 23
Our findings identify Myo1D as the first evolutionarily conserved determinant of LR asymmetry, and 24
show that functional interactions between Myo1D and PCP are central to the establishment of animal 25
LR asymmetry. 26
Numerous studies have revealed an intriguing diversity in the strategies establishing laterality both 27 within and across phyla, making the identification of a unifying mechanism elusive 14, 20, 21 . An attractive 28 hypothesis however, is that the chirality of actin filaments may provide a conserved template for 29 organismal LR asymmetry 14, 18 . Accordingly, actin-binding proteins govern molecular 22 and cellular 30 chirality 23 and actin-dependent processes regulate invertebrate and vertebrate laterality [12] [13] [14] 17, 24 . Studies 31 in Drosophila have identified the actin-based molecular motor protein Myosin1D (Myo1D, a.k.a. 32 Myosin31DF) as an essential determinant of LR asymmetry 12, 13, 25 . Here, we study the contribution of this 33 conserved factor to vertebrate laterality, by analyzing its function in zebrafish. 34 We first determined whether zebrafish and Drosophila Myo1D have conserved activities by testing the 35 ability of fish myo1D to rescue the laterality defects of fly myo1D mutants. The two orthologous proteins 36
show 69% sequence similarity. Remarkably, expressing zebrafish myo1D in Drosophila fully restored thedifferent mutant alleles (Fig. 1e,i) . Similar defects are moreover generated when a morpholino that blocks 48 the translation of both maternally deposited and zygotically transcribed myo1D RNA is injected in wild-49 type embryos (Extended Data Fig. 2g-m) . Altogether, our experiments identify Myo1D as a conserved 50 regulator of laterality in both vertebrates and invertebrates. 51
In Drosophila, Myosin1C (Myo1C, a.k.a. Myo61F) acts as an antagonist of the essential dextral 52 determinant Myo1D 27 . In flies, myo1C overexpression phenocopies myo1D loss-of-function. However, 53
Drosophila myo1C is itself dispensable for LR asymmetry 27 . The zebrafish genome encodes two myo1C 54 homologues, myosin1Ca and myosin1Cb (myo1Ca & b) . Like in Drosophila, zygotic myo1Ca mutants and 55 MZ myo1Cb mutants do not display LR defects (not shown). Interestingly, Myo1Cb overexpression using 56 mRNA microinjection causes cardiac laterality defects (Fig. 1n,o) , thus mimicking myo1D loss-of-function, 57 as observed in Drosophila 27 . 58
We noticed that the overexpression of zebrafish myo1Cb enhances MZ myo1D mutant LR defects ( Fig.  59 1n-o), raising the question whether additional Myo1D-like activities might contribute to the regulation ofrotation cone to promote LRO flow 19, [36] [37] [38] . Recently, rat myo1D has been shown to control cilia orientation 112 in multiciliated epithelia 39 . We therefore imaged cilia in live embryos and found that zebrafish myo1D and 113 vangl2 both affect cilia orientation: While vangl2 mutants present an excess of anteriorly pointing cilia in 114 the anterior KV, the loss of myo1D increases the number of posteriorly pointing cilia in the posterior organ 115 half ( Fig.4h-l, Extended Data Fig. 6 ). Additionally, the inactivation of either myo1D or vangl2 causes an 116 anterior displacement of the basal body ( Fig. 4m-p) . The positioning of the basal body is however partially 117 restored when one copy of vangl2 is removed in MZ myo1D mutants (Fig. 4m,q) . These findings suggest 118 that myo1D and vangl2 affect PCP-dependent KV cyto-architecture, but do so in opposite ways, consistent 119 with our genetic interaction data (Fig. 4g) . We therefore reasoned that if the observed cilia defects are 120 relevant for LRO function, then a reduction of vangl2 gene dosage should restore KV flow in MZ myo1D 121 mutants. Accordingly, the removal of one copy of vangl2 allows to partially rescue KV flow pattern and 122 velocity in MZ myo1D mutants (Fig. 4d,e,f) . 123
Taken together, our data show that Myo1D is essential for the formation and function of the zebrafish 124 LRO, identifying the first common determinant of LR asymmetry in both vertebrates and invertebrates. 125
Our work also reveals that a functional interaction between zebrafish Myo1D and PCP controls the 126 positioning and orientation of KV cilia that are required for the establishment of a directional, symmetry-127 breaking flow (Fig. 4r,s) . 287
Wild-type and mutant alleles of myo1D were identified through allele-specific PCRs. The allele-specific 288 forward primers 5'-TGGAGCTGGAAAAAGGCTCGT-3' (myo1D tj16b ) and 5'-GTGGAGCTGGAAAAAGGCTATAC-289 3' (myo1D tj16c ) were used together with the generic reverse primer 5'-CCATCACTGCAGCAGAAATGAGAG-290 ), myo1D 297 heterozygous fish were incrossed and the progeny raised to adulthood. PCR genotyping of these animals 298 allowed identifying homozygous mutant as well as homozygous wild-type fish which were then used to 299 produce MZ myo1D tj16b/tj16b or MZ myo1D tj16c/tj16c mutant embryos, as well as wild-type myo1D +/+ control 300 embryos. myo1D tj16b or myo1D tj16c homozygous mutant animals presented similar laterality defects ( Fig.  301 1e,i). Unless mentioned otherwise, experiments were performed using the myo1D tj16b allele. 302
For the genetic interaction experiment displayed in Fig. 4g, myo1D tj16b homozygous mutant females 303 were crossed with myo1D tj16b/+ ; vangl2 m209/+ males. A total of 912 embryos derived from 6 independent 304 crosses were scored and molecular genotyping performed for all embryos presenting cardiac laterality 305 defects. Genotyping for the vangl2 m209 mutant allele was performed as previously described 48 . 306
307

Plasmid generation 308
The myo1Cb ORF was amplified from a mixed stage pool of cDNAs using the primers: 5'-309
GATCCCATCGATTCGACGGAATCCGGGTCATGATG-3'
and 5'-310 AGGCTCGAGAGGCCTTGGTCACGACTCGTCCATC-3' and cloned into the pCS2+ vector. Bold letterings 311 indicate primer overhangs that are also present in the pCS2+ sequence and were used to recombine insert 312 and vector using Gibson assembly (NEB). A similar strategy was used to clone the myo1D ORF into pCS2+ 313 
